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I N T R O D U C T I O N
Muscles of the vertebrate upper airway and face participate in diverse functions such as breathing, swallowing, speaking, deglutition, and facial expression. Although there have been many recent studies on the control of these muscles during each of these behaviors, we know comparatively little about their physiological properties, including their endurance performance in sustained contractions. With regard to breathing, it is clear that human subjects show considerable upper airway muscle activity during both wakefulness and sleep. In wakefulness, one can record both tonically discharging motor units and units that discharge during the inspiratory phase, but are largely silent during the expiratory phase ("phasic units") (Saboisky et al. 2006) . Interestingly, as subjects enter non-REM sleep, the majority of the phasic motor units drop out, whereas tonically discharging units continue to discharge action potentials at rates that are the same as those recorded in wakefulness (10 -40 Hz) (Bailey et al. 2007 ). This predominance of tonic discharge in upper airway motoneurons suggests that sustained contractions of upper airway muscles are common in human subjects and that they are important for protecting the upper airway during sleep (Remmers et al. 1978; White 2006) and exercise (Connel and Fregosi 1993; Fregosi and Lansing 1995; Fuller et al. 1995; Sullivan et al. 1996; Williams et al. 2000) . Consequently, understanding the mechanisms of task failure induced by sustained, submaximal contractions in human upper airway muscles is functionally relevant.
Part of the reason for our poor understanding of the physiological properties of upper airway and facial muscles stems from the fact that they are small, may or may not have tendon attachments, and both the muscles and the muscle nerves can be difficult to access, particularly in human subjects. We have previously used the human nasal dilator muscles as a representative upper airway muscle and, with this model, have been able to measure voluntary and respiratory-related force and electromyogram (EMG) activities (Connel and Fregosi 1993; DelloRusso et al. 2002; Fuller et al. 1995; Sullivan et al. 1996) , evoked muscle twitch forces with facial nerve stimulation (DelloRusso et al. 2002; Fuller et al. 1995) , and the contractile properties of individual motor units (Mateika et al. 1998) .
Previously, we examined the fatigability of human nasal dilator muscles during intermittent maximal voluntary contraction (MVC) maneuvers (DelloRusso et al. 2002 ). We found that task failure was due to intramuscular mechanisms; central mechanisms did not appear to play a role because the average EMG and maximal evoked potentials (MEPs) were unaltered, with the exception of a small decline in EMG at the endurance limit. These observations are consistent with earlier work showing that the task failure associated with maximal, intermittent contractions of hand (Liu et al. 2005 ) and limb (Taylor et al. 2000) muscles is due primarily to intramuscular mechanisms. In contrast, the average EMG at task failure is well below maximal levels during sustained, submaximal contractions of human limb (Todd et al. 2003 ) and hand muscles (Carpentier et al. 2001; Fuglevand et al. 1993; Kalmar and Cafarelli 2004) . These observations suggest that task failure induced by sustained contractions is due at least in part to inadequate central activation of the muscle. Accordingly, the purpose of the present study was to test the hypothesis that neural factors contribute to task failure of the nasal dilator muscles during sustained, submaximal contractions.
M E T H O D S

Subjects
The Human Subjects Committee at the University of Arizona College of Medicine approved all procedures and all subjects provided written informed consent. Five men and 6 women (ages 20 -27 yr) participated in the study. All subjects were healthy, with no history of lung disease, allergies, rhinitis, cleft palate, or deviation of the nasal septum. The ability to voluntarily activate or "flare" the nasal dilator muscles with sufficient skill to complete the protocol (see following text) was a criterion for inclusion in the study. We brought 22 subjects into the laboratory and each was instrumented, as described in the following text, and asked to perform the maneuvers. Of these 22 subjects, 12 were initially considered to have good ability to control nasal dilator muscle force with visual feedback. One of these 12 subsequently dropped out after the second training session, leaving us with 11 subjects.
Measurement of voluntary force, EMG, and evoked twitch force
The anatomy of the human nasal musculature was described in our recent report (DelloRusso et al. 2002) . Briefly, the nasal muscles are small "skin muscles," with fibers that originate on cartilage or bone but insert into the skin layers that overlie the nose. There are two pairs of nasal dilator muscles and they both act to flare the nares: the dilator alaris posterior, which arises from the margin of the nasal notch of the maxilla and from the lesser alar cartilages, and inserts into the skin near the margin of the nostril; and the dilator alaris anterior, a delicate fasciculus passing from the greater alar cartilage to the integument near the margin of the nostril.
We have recently developed and described in detail a model that allows us to reliably measure force and the EMG of the nasal dilator muscles during voluntary and respiratory-related contractions (DelloRusso et al. 2002; Fuller et al. 1995) . Briefly, subjects wear a custom-designed headpiece that is mounted via the forehead and upper lip. The headpiece holds a micromanipulator that contains a steel rod with a button force compression transducer (Model 13/2446 -06; Sensotec, Columbus, OH) mounted on its tip. The voltage output of the transducer is linear from 0 to 4.9 N and is calibrated by hanging weights on the button. The transducer is adjusted until it is almost perpendicular to the external nares and then pushed tightly against the nares. Our previous studies demonstrate that voluntary flaring of the nares against the transducer results in a linear relationship between force and average EMG, with high test-retest reliability (DelloRusso et al. 2002; Fuller et al. 1995) , and that our measurements are sensitive enough to measure the force produced by single nasal dilator muscle motor units (Mateika et al. 1998 ). However, because the nasal dilator muscles are skin muscles, there is variable compliance in the system, which will influence absolute measurements of force (Fuller et al. 1995) . Accordingly, we routinely express force as a percentage of the MVC force, as well as in absolute terms.
EMG activities of both right and left nasal dilator muscles were recorded with 2-mm silver/silver-chloride disc electrodes (Grass Instruments, Braintree, MA). Subsequent analysis showed that the activities recorded from the left and right nasal dilator muscles did not differ, so we report data on the left nasal dilator muscle, which is the same side used for the measurement of muscle force. The EMG activities were amplified and filtered (10 -1,000 Hz) with Grass Model 7P511 amplifiers, which were connected in series to a circuit that rectified and RC-filtered the EMG with a time constant of 100 ms (Coulborn Instruments, Allentown, PA), resulting in a moving-time average, which we will refer to as the integrated EMG (iEMG). Muscle force and iEMG were recorded continuously on a Grass polygraph (Model 7). Unprocessed EMG activities and force were also recorded on videocassette recorder tapes, following pulse-code modulation (Vetter, Reading, PA), for subsequent analog to digital conversion and computer-assisted data analysis.
Because the facial motor nerve that innervates the nasal dilator muscles is superficially located, we were also able to produce evoked contractions by exciting the nerve electrically through 4-mm surface electrodes with a stimulator (Grass Model S44) and constant-current stimulus isolation unit (Grass PSIU). This procedure allowed us to obtain the MEP from the EMG recording, together with the muscle twitch force. The facial nerve was stimulated with single 0.1-ms square-wave pulses, with the voltage set 20 -40% above the level that elicited the maximal twitch force. As demonstrated previously (DelloRusso et al. 2002; Fuller et al. 1995) , contractile speeds measured with this technique agree well with published data for human limb and diaphragm muscles.
Experimental protocol 1: sustained contractions to task failure
Each subject performed four to five training sessions to practice flaring the nares and holding the force at a target level (see following text). Each subject then completed three trials on different days and in random order. The trials consisted of sustained contractions corresponding to 20, 35, and 65% of the MVC force. Since there are no other data on sustained, submaximal contraction forces in facial muscles, we needed another muscle in which to make comparisons. We chose the first dorsal interosseus (FDI) because it is commonly used and, like the nasal dilator muscle, is very small and very close to the skin surface. We chose our contraction intensities based on the work of Fuglevand et al. (1993) . As here, they had subjects do sustained contractions of the FDI to task failure at 20, 35, and 65% of the MVC force. Studies examining the recruitment of FDI motor units during isometric contractions show that 27 of 38 motor units (70% of the sample) were recruited at forces Յ20% MVC force, 33/38 (87%) were recruited at forces Ͻ35% MVC force, and all units were recruited at Ն61% MVC force (Moritz et al. 2005 ). Although we do not know how nasal dilator muscle motor units are recruited during fatiguing contractions, we are assuming that the facial motor unit pool behaves at least somewhat similarly to the FDI pool. Thus the force levels that we chose provide two comparisons where recruitment of motor units is incomplete, but where the endurance capacity is still quite different, as well as a third comparison where the force level exceeds the upper limit of motor unit recruitment and results in relatively rapid task failure (see following text).
Experimental protocol 1: submaximal contractions sustained to task failure
On the day of an experiment, subjects reported to the laboratory between 8:00 am and 4:00 pm and were instructed to refrain from caffeinated beverages and alcohol for Ն8 h prior to their scheduled start time. The subject sat in a comfortable chair, was instrumented, and then sat quietly for about 10 min until the experiment commenced. As shown in Fig. 1 , the investigator began the experiment by applying two supramaximal stimuli to the facial nerve, each separated by about 2-5 s, to obtain MEPs and twitch forces. The subject then produced two MVCs, each separated by 7 to 10 s. Subjects were instructed to slowly bring force up to the maximal volitional level and to maintain it for 2-3 s once this maximal level was reached. About 5-10 s later another supramaximal stimulus was applied to the facial nerve. After another 10-s period, the subject was told to focus on the target line displayed on a computer monitor and, when an investigator said "Begin," the subject raised the force to the target level by flaring the nares. The subject was instructed to maintain force as long as possible and was given verbal encouragement throughout the trial. Task failure was reached when force dropped to 90% of the target for Ն3 s. At this point, the subject was instructed to stop and a series of six supramaximal stimuli were delivered to the facial nerve, each followed by an MVC maneuver. Each stimulus-MVC pair was completed within an approximately 10-s interval (Fig. 1 ). This stimulus-MVC sequence was repeated during the last 10-s epoch of each of the next 4 min (minutes 2-5). The experiment ended with a final stimulus-MVC sequence 10 min after the endurance limit was reached.
Experimental protocol 2: twitch interpolation as a test of central activation
We restudied seven of the subjects to determine whether they were capable of fully activating the nasal dilator muscles during voluntary contractions. Subjects performed fifteen 10-s-long MVCs, each separated by a 10-s rest. Interpolated twitches were obtained during the fifth, tenth, and fifteenth contractions. We did not evoke interpolated twitches during the sustained, submaximal contractions because controlling volitional force with these muscles is difficult even in the absence of such distracting maneuvers. As a result, we decided not to interrupt the nasal dilator muscle contractions with interpolated twitches because our primary focus was to obtain unique and unblemished data on time to task failure and the corresponding changes in twitch force, EMG activity, EMG mean power frequency, and MEPs during and after each task.
Data analysis and statistics
Force and EMG recordings were sampled (Force, 2,000 Hz; EMG, 5,000 Hz) and analyzed digitally using commercially available hardware and software (Spike2, Cambridge Electronics Design, London, UK). All pre-and posttask failure MVCs were measured as described previously (DelloRusso et al. 2002) and the average data are reported. We calculated changes in the average EMG and in the mean power frequency of the EMG in each 10% epoch of each trial. This was done by dividing the time to task failure into 10 equivalent epochs. The total area of the iEMG occurring in each epoch was divided by the epoch duration to derive the average EMG occurring in each epoch. This value was expressed as a percentage of the average EMG activity measured during the first two pretest MVC maneuvers. To examine the rate of rise of the EMG and rate of decline of mean power frequency, we also examined these variables as a function of the absolute time to task failure and computed the slopes using linear regression analysis.
A fast Fourier transformation of the unprocessed EMG occurring in each 10% epoch was also performed and the power spectrum and mean power frequency were obtained using all data falling between 10 and 650 Hz (DelloRusso et al. 2002) . The time to task failure varied greatly across trials and subjects, with 36 s the minimum value across all three tasks and all subjects. Therefore we used a block size of 3,072 ms, with the block taken from the center portion of each 10% epoch of each trial. This allowed us to capture equivalent segments of data with the same resolution across all trials and all subjects. Given that the sampling rate of the EMG was 5,000 Hz, the resolution in the FIG. 1. Representative experiment during a fatigue trial with the target set at 35% maximal voluntary contraction (MVC) force. Electromyogram (EMG) rectified and integrated EMG (iEMG) and force tracings for the entire experiment are shown. The solid horizontal line on the force tracing demarcates the prefatigue MVC force; the dotted horizontal line on the force tracing represents the target force. Arrows above the iEMG tracing indicate the artifact that accompanied each supramaximal stimulus delivered to the facial nerve. The twitch forces f can be seen on the force tracing, with the peak potentiated twitch amplitude demarcated by the dashed horizontal line. The protocol began with 2 stimulations, followed by 2 MVC maneuvers, and then 2 more stimulations of the facial nerve. The subject then attempted to hold the target force for as long as possible. As soon as the endurance limit was reached, a series of 6 stimulation-MVC sequences were completed, each about 10 s apart. We then repeated this sequence at the 2nd, 3rd, 4th, 5th, and 10th minutes of recovery; note that data for the 2nd-5th minutes of recovery has been omitted, but maneuvers completed at minute 10 of recovery are included (maneuver following the break in record). Calibration values for EMG and force are shown on the far right.
frequency domain was 1.63 Hz. Since we used only one block per epoch, windowing of the data was unnecessary.
Twitch forces were analyzed for peak force (Po), the time to peak force (TTP), and the one-half relaxation time (1/2 RT). The MEP accompanying each twitch was analyzed for peak-to-peak amplitude, duration, and area. We did not measure conduction velocity directly because we are not confident in measurement of the distance between stimulating and recording electrodes on the face and nose, respectively, because these structures have complex contours. Instead, we measured conduction time, defined as the interval between the onset of the stimulus artifact and the onset of the MEP (Fig. 3B ). Because during each experiment all electrodes were securely anchored, changes in conduction time must reflect changes in conduction velocity along the facial nerve. Because the stimulating electrodes were on the facial nerve and the recording electrodes on the nasal dilator muscles, our measurement of conduction time represents conduction along both nerve and sarcolemma (Almeida et al. 2008 ). However, we did not observe any changes in the duration of the MEP, suggesting that the increase in conduction time in the 20% MVC trial (Fig. 5 ) was the result of changes in facial nerve conduction, rather than conduction along the sarcolemmal membrane (see RESULTS) .
We used the potentiated, pretrial twitch force and MEP values as the "baseline" measures in each subject. As shown in Table 1 and in Figs. 1 and 4, the twitches obtained just after the first two MVC maneuvers ("potentiated twitches") were greater than those obtained before the first two MVC maneuvers. This postactivation potentiation has been observed in all types of contractions and in a variety of muscles (Baudry and Duchateau 2004) and, because of this, the contractile properties obtained from the potentiated twitch are the most relevant when comparisons are made before and after contractile activity.
Interpolated twitch amplitude was measured by first magnifying force and iEMG tracings using the Spike2 software program and manually placing horizontal cursors at the onset and peak of the interpolated twitch. Interpolated twitch onset was delineated by placing a vertical cursor at the stimulus artifact on the EMG and extending it to the force tracing (see Fig. 8 ). Interpolated twitch amplitude was expressed as a percentage of the corresponding MVC force [(twitch force/MVC force) ϫ 100].
In all experiments, repeated-measures ANOVA and the Bonferroni post hoc procedure were used to establish the statistical significance of differences. The slopes and SE estimates obtained from linear regression analyses at each of the three contraction intensities were also compared with ANOVA and Bonferroni post hoc analysis. In all cases a value of P Ͻ 0.05 served as the threshold for defining statistical significance.
R E S U L T S
Time to task failure
As expected, time to task failure was inversely related to target force in all subjects and averaged 207.5 Ϯ 36 (mean Ϯ SE), 121.6 Ϯ 42, and 39.4 Ϯ 6 s when contractions were sustained at 20, 35, and 65% of maximal force, respectively. The average time to task failure in the three trials were significantly different from one another.
Voluntary and evoked (twitch) forces before and after sustained contractions Figure 1 shows force (and EMG) recordings obtained before, during, and after a typical trial at 35% of the MVC force in a representative subject. The MVC force was reduced at the endurance limit but rose progressively throughout recovery. In this subject complete recovery was achieved within 10 min. In contrast, twitch force was still below the pretrial, potentiated level 10 min after the point of task failure, despite recovery of the MVC force.
The average MVC force data for all trials ares shown in Fig. 2 . Here we report MVC force as a percentage of the maximal value (see Fig. 1 ), but for comparative purposes we also include the absolute MVC force values, measured at selected time points, in Table 1 . Note that in all three trials MVC force was reduced by about 30% at task failure, remained significantly depressed in the first minute of recovery, but recovered fully by the second minute.
Twitch forces, evoked by supramaximal stimulation of the facial nerve in one subject, are shown in Fig. 3A . The twitch forces obtained in this subject are representative of the average responses, demonstrating that twitch force is significantly reduced at task failure and that this reduction lasts for several minutes into the recovery period. Average twitch force data for all subjects are shown in Fig. 4 and average data for contractile properties, obtained at select time points, are shown in Table 1 . In each panel of Fig. 4 , periods 1 and 2 refer to values obtained before and after potentiation of the twitch by the intervening MVC maneuvers (see Table 1 and Figs. 1 and 3A) . At task failure, twitch force was depressed by the same amount in all three trials (Fig. 4) . The depression persisted for the first 10 -20 s of recovery, then returned to the baseline level over the next 1-3 min, depending on the contraction intensity ( Fig. 4) . However, in all trials the twitch force was again significantly depressed at 4 -5 and at 10 min of recovery. Contractile properties did not change significantly at any point in any of the trials (Table 1) .
We also measured changes in the peak-to-peak amplitude, area, and conduction time of the MEP, recorded during facial nerve stimulation. A representative MEP is shown in Fig. 3B , with the method used to estimate conduction time also illustrated. We did not observe any significant changes in peak-topeak amplitude, area, or duration of the MEP at any time point in any of the conditions. Average values for MEP area at select Values are means Ϯ SE. Values obtained before the fatigue trial, at the endurance limit (Tlim), and following 10 min of recovery are reported. Values obtained during the 35 and 65% MVC tests were not significantly different from the values reported here. Asterisks indicate significant difference from pretest values (*P Ͻ 0.05, ** P Ͻ 0.01) compared with initial values. Tlim, time limit of the fatigue task; Po, peak twitch force; TTP, time to peak twitch force; 1/2 RT, one half twitch relaxation time; MEP, maximal evoked potential recorded from the nasal dilator muscles following supramaximal stimulation of the facial nerve; MVC, maximal voluntary contraction force. time points are given in Table 1 . We did, however, observe significant changes in facial nerve conduction time following the 20% MVC trial (Fig. 5) . Note that conduction time increased slightly but significantly immediately after task failure, but recovered within 1 min. Similar changes were not observed in the 35 and 65% MVC trials.
EMG and mean power frequency before and after sustained contractions
Analysis of the average EMG and the mean power frequency as a function of absolute endurance time is shown in Fig. 6 . The rate of rise of EMG activity and the rate of decline of mean power frequency were significantly greater in the 65 compared with the 35 and 20% MVC tasks. Although the slopes in the 20 and 35% MVC tasks appear to differ, these trends were not significant. Results of this analysis were qualitatively identical when the curves were fit with polynomial functions instead of linear ones.
When expressed as a percentage of time to task failure, average EMG rose monotonically in all three trials, with significant increases observed at 60-100% of the time to task failure (Fig. 7, top) , although average EMG never reached the maximal level. The maximal EMG activity recorded throughout the recovery period was not significantly different from the maximal values recorded before the trials in any of the subjects (data not shown; example shown in Fig. 1 ). The mean power frequency of the EMG fell significantly as a function of time to task failure in all three trials (Fig. 7, bottom) . Significant reductions in mean power commenced as early as 20% of time to task failure in the 20 and 35% MVC trials and at 40% time to task failure in the 65% MVC trial. Mean power frequency continued to decline as the trial progressed and, at task failure, was reduced by an average of 23, 19, and 19% in the 20, 35, and 65% MVC trials, respectively.
Interpolated twitches during intermittent MVCs
MVC force dropped to 83, 76, and 68% MVC by the fifth, tenth, and fifteenth contractions, respectively (Fig. 8) . The roughly 30% drop in MVC force by the fifteenth contraction was similar to the reduction in force at task failure in the 20, 35, and 65% MVC trials (Fig. 2) . The average interpolated twitch force was about 8% of MVC force at all three measurement intervals, indicating that progressively worsening fatigue did not significantly alter the magnitude of voluntary activation (Fig. 8) . Thus in the nasal dilator muscles voluntary activation averages about 92% of maximal evocable force and does not change significantly as fatigue intensifies.
D I S C U S S I O N
Summary
Our goal was to test the hypothesis that central mechanisms contribute to the task failure associated with sustained contractions in a human upper airway muscle. Our main finding is that, although the average EMG increased with time, it never exceeded 75-80% of the maximal, pretrial level despite task failure. We also showed a steady and significant decline in the mean power frequency of the EMG throughout the task as well as a sustained reduction in twitch force despite fairly rapid (ϳ2 min) recovery of the MVC force. The MEP did not change significantly in any of the tasks, suggesting that the failure to maximally drive the muscles at task failure was due to mechanisms proximal to the neuromuscular junction. The rate of rise of EMG activity was significantly higher at 65% MVC compared with the trials performed at 20 and 35% MVC. These data indicate a more rapid increase in motor unit discharge rate at 65% MVC and the failure to optimize rate modulation and/or recruitment at the two lower-intensity tasks (see following text). Taken together, these observations suggest that the volitional motor system fails to fully activate the nasal dilator muscles when well-motivated, healthy subjects are asked to perform sustained, submaximal contractions at mild, moderate, and high intensity; putative mechanisms are discussed in the following text.
FIG. 2. Average data for MVC force for each of the experimental trials. The 2 MVCs just before the onset of the task are shown, followed by the MVC maneuvers recorded during the recovery period (refer to Fig. 1 ). MVC force was decreased significantly throughout the 1st minute in all 3 trials, but recovery was complete in all trials by the 2nd minute of recovery. C: control period. †, different than control (P Ͻ 0.01).
Time to task failure during sustained contractions
As anticipated, time to task failure was inversely and linearly related to the force requirement of each task. The same holds true for human hand muscle contractions performed at identical contraction intensities (Fuglevand et al. 1993) . Previous studies have estimated the time to task failure in human genioglossus and masseter muscles during sustained, quasiisometric contractions at intensities ranging from 30 to 100% of the MVC force. Time to task failure ranged from about 3 min at 30% MVC to about 30 s at 80% MVC, depending on the muscle and the characteristics of the subjects (Blumen et al. 2002 (Blumen et al. , 2004 Maton et al. 1992; Mortimore et al. 1999; Scardella et al. 1993) ; these values are well within the range reported here for the nasal dilator muscles. This simple observation suggests that whatever the mechanism of task failure, the endurance limit of human upper airway and facial muscles, as in hand muscles, is closely related to the contraction intensity, at least over the range of intensities studied herein.
Maximal voluntary contraction force
MVC force was depressed at the endurance limit but recovered within 60 s at all three target force levels. The 30 -40% decline in MVC force measured immediately after the point of task failure was similar at all three contraction intensities, although there was a trend for a larger reduction at the lower-intensity levels. This is similar to findings in small hand muscles, where MVC force at the endurance limit fell by 40% at an intensity of 20% MVC, compared with 30 and 19% reductions at 35 and 65% MVC, respectively (Fuglevand et al. 1993 ). In the present study, MVC force remained depressed for the first minute of recovery in all three trials, but thereafter was not significantly different from baseline MVC force. In the study by Fuglevand et al. (1993) , MVC force was still significantly depressed 10 min into the recovery period at 20, 35, and 65% MVC. Thus following a sustained submaximal, quasiisometric contraction protocol, human nasal dilator muscles regain their ability to produce MVC force more quickly than hand muscles do.
Evoked twitch force
The change in twitch force amplitude evoked by supramaximal stimulation of the facial nerve followed a biphasic trajectory following the termination of all three tasks. Twitch force was reduced significantly at task failure, showed some recovery over the subsequent minute, and then declined again over the last 5-10 min of the recovery phase, even as MVC force fully recovered within 1 min. These data are consistent with low-frequency fatigue, a phenomenon believed to be due to impaired calcium kinetics within the sarcolemma (Westerblad et al. 1993 ). We also found evidence for low-frequency fatigue during an intermittent maximal contraction protocol in our previous study of nasal dilator muscles (DelloRusso et al. 2002) . This differs from findings in small hand muscles, wherein both twitch force and MVC force declined in parallel after fatiguing, sustained contractions, with both remaining depressed well into the recovery period (Fuglevand et al. 1993) . Thus low-frequency fatigue appears to be a phenomenon underlying force failure in the nasal dilator muscles with both sustained and intermittent contractions (DelloRusso et al. 2002) . It should be noted that contractile speed and relaxation times did not change in parallel with the decline in peak twitch force; again, this is consistent with previous data in this muscle (DelloRusso et al. 2002) .
EMG changes
"Central fatigue" has been defined as "that component of overall muscle fatigue dependent on a progressive failure to drive motoneurons (and muscle fibers) voluntarily . . ." (Gan- FIG. 3. A: representative twitch forces from one subject. The potentiated twitch was obtained shortly after the subject performed 2 successive MVCs (see METHODS and Fig. 1 ). Task failure refers to the first twitch obtained after the subject reached the endurance limit and stopped contracting the muscle. In this example twitch force was reduced by about 25% at task failure and by 14.5% 10 min into the recovery period. B: representative maximal-evoked potential (MEP) from the same subject, measured during the potentiated twitch. The 2-sided arrow demonstrates how we measured conduction time (time from onset of the stimulus artifact, to the first negative deflection in the MEP). devia 2001). Although the surface EMG is an imperfect index of changes in central neural drive during sustained contractions, it is considered to be adequate in the absence of a concomitant change in the MEP (Gandevia 2001) , as observed herein. With this in mind, one of the most remarkable features of this study is that the average EMG never exceeded 75-80% of the maximal, pretrial level despite task failure, suggesting an inability to maximally drive motoneurons (i.e., central fatigue). The deficit in average EMG was inversely related to contraction intensity, with much larger deficits in the low-intensity tasks (e.g., a 70% deficit during contractions sustained at 20% MVC). Similar EMG deficits have been observed previously in hand and limb muscles of subjects performing submaximal contractions at intensities within the range used here (Bigland-Ritchie et al. 1986; Fuglevand et al. 1993; Lind and Petrofsky 1979; Loscher et al. 1996a; Petrofsky et al. 1982; Sacco et al. 1997; Yoon et al. 2008) . Although technical issues such as amplitude cancellation could explain some of the deficit, the contribution is expected to be small. Indeed, modeling studies show that when EMG recordings are normalized as a percentage of the maximum level recorded during MVC maneuvers, as done here, cancellation has no significant effect on EMG quantification (see Fig. 3B in Keenan et al. 2005) .
The rate of rise of EMG activity was significantly higher in the 65 compared with the 35 and 20% MVC tasks (Fig. 6) . The simplest interpretation of these data is that the rate of increase of motor unit discharge rate was higher during the 65% MVC task compared with the lower-intensity tasks. We say this because the motor unit pool for most muscles is fully recruited at roughly 60% of the MVC (Enoka and Duchateau 2008; Moritz et al. 2005 ). Although we do not know how individual nasal dilator muscle motor units are recruited during fatiguing contractions, it seems safe to assume, for the sake of argument, that the entire motor unit pool was recruited during the 65% MVC task (see METHODS) . That said, the increase in EMG in the 65% MVC trial would have to be the result of discharge rate modulation. Importantly, changes in rate modulation did not reach maximal levels, as indicated by the 20 -25% deficit in EMG at task failure. Although there is a trend for the 20 and 35% MVC EMG time slopes to differ from one another, the trend was not signifi- . Average twitch force data for each of the experimental trials. Period 1 refers to the time when the first 2 nerve stimulations were applied; period 2 contains the potentiated twitches (those obtained after the first 2 MVC maneuvers; refer to Fig. 1 ). Recovery twitches are shown to the right of the dashed vertical line. Twitch force fell significantly at the endurance limit, began to recover quickly in the 1st minute of recovery, but remained depressed for Ն10 min in all trials. For this statistical analysis, the first potentiated twitch served as the control point and all other points were compared with this value with Dunnett's test (see METHODS). *P Ͻ 0.05; ϩP Ͻ 0.01. cant, indicating that the rate of rise of recruitment and rate modulation in these two tasks was similar.
Since the MEP did not change with task failure in our subjects, the activation failure occurred proximal to the neuromuscular junction at all three exercise intensities. Using the twitch interpolation method, several investigators have documented central fatigue during sustained, submaximal isometric contractions of limb and hand muscles, an effect that is particularly robust at lower contraction intensities (de Ruiter et al. 2004; Eichelberger and Bilodeau 2007; Gandevia 2001; Loscher et al. 1996a; Maton et al. 1992; Sacco et al. 1997) . In our study of central activation of nasal dilator muscles (Fig. 8) , MVC force dropped to 83, 76, and 68% MVC by the fifth, tenth, and fifteenth contraction, respectively. The roughly 30% drop in MVC force by the fifteenth contraction was similar to the reduction in force at task failure for the 20, 35, and 65% MVC trials (Fig. 2) . The average interpolated twitch amplitude was about 8% of the MVC force at all three time points, indicating that progressive reductions in MVC force were not associated with changes in voluntary activation. This deficit occurred despite vigorous encouragement and the subjects' belief that they were exerting maximal effort to maintain the target force. Thus in the nasal dilator muscles voluntary activation averages about 92% of the maximal evocable force and does not change significantly as fatigue intensifies. This level of voluntary activation is within the range obtained in elbow flexor muscles (Gandevia et al. 1996) .
Although we cannot quantify the proportion of the EMG deficit due to CNS mechanisms, it was likely substantial, particularly in the low-intensity tasks. For example, deficits in the surface EMG show good correspondence with the magnitude of change in central activation during submaximal fatiguing contractions of biceps brachii (Kalmar and Cafarelli 1999; Sacco et al. 1997 ) and vastus lateralis muscles (de Ruiter et al. 2004 ). Thus if we assume an 8 -10% deficit in central activation during the sustained submaximal contraction tasks, the EMG activity at task failure during the 65% MVC task would have approached 100% of maximum if the subjects could in fact fully activate the muscle; this suggests that task failure under these conditions was explained in part by a failure of central activation, although we are unable to quantify its exact FIG. 7. Change in average EMG (top) and mean power frequency (bottom) as a function time for task failure, which is normalized and divided into 10% intervals, as described in METHODS. Average EMG rose progressively throughout the trial, but never exceeded about 75% of the maximal value, even at task failure. EMG mean power frequency declined progressively throughout the trial, although the magnitude of the drop was similar at all 3 effort intensities. For these statistical analyses, the data point at 10% time to task failure served as the control point within each of the 3 experimental trials and all subsequent points were compared with this value with Dunnett's test (see METHODS). *P Ͻ 0.05; ϩP Ͻ 0.01.
FIG. 6. Change in average EMG (top) and mean power frequency (bottom) as a function of time to task failure. Average EMG rose progressively throughout the trial, but never exceeded 75-80% of the maximal value, even at the endurance limit. The rate of increase in the EMG was significantly greater in the 65% MVC task compared with the 2 lower-intensity tasks. EMG mean power frequency (bottom) declined progressively throughout the trial and the rate of decline was significantly greater in the 65% MVC task compared with that of the 2 lower-intensity tasks. *, slope in the 65% MVC trial is different from the slopes obtained at 20 and 35% MVC trials (P Ͻ 0.05). magnitude or locus. In contrast, this level of central activation failure cannot explain the very large EMG deficits observed in the 20 and 35% MVC tasks. Nevertheless, we cannot rule out the possibility that central activation failure was higher in these submaximal contraction tasks compared with what we measured during the MVCs.
Other factors that could explain the EMG deficit during sustained, submaximal contractions that we did not test-and that would be extremely difficult to examine in human subjects-include intrinsic adaptation of facial motoneurons (Magarinos-Ascone et al. 1999), inhibition from thin fiber, nonmyelinated axons sensitive to chemicals released by the contract-ing muscle (Garland and Kaufman 1995) , or failure of recurrent inhibition to decline, as it does during fatiguing contractions of the soleus muscle (Loscher et al. 1996b) . Although withdrawal of excitatory input from spindles and tendon organs plays a role in limb muscle fatigue (Enoka and Duchateau 2008; Klass et al. 2008) , the nasal dilator muscles have no tendon organs and a paucity of spindles, if any (Bowden and Mahran 1956; Kubota and Masegi 1972) ; accordingly, this factor would have no role or a minimal one in our system.
Changes in EMG mean power frequency
The rate of decline of mean power frequency was significantly higher in the 65 compared with the 35 and 20% MVC tasks. When examined as a function of the percentage of time to task failure, the average drop in mean power averaged 20 -25% in all three conditions. The drop in mean power, regardless of how it is evaluated, suggests that the shortfall in the EMG at task failure (i.e., the neural drive to the muscle) may have been underestimated because a decline in the mean power is typically associated with an increase in the interference EMG (Bigland-Ritchie et al. 1981; Fuglevand 1995; Fuglevand et al. 1989; Moritani et al. 1986 ). Observations in a variety of human skeletal muscles suggest that at least some of the decline in EMG mean power is the result of a slowing of muscle fiber conduction velocity (Bigland-Ritchie et al. 1981; Krogh-Lund and Jorgensen 1992; Lindstrom et al. 1970; Moritani et al. 1986; Vollestad 1997) , although we found no significant changes in the duration of the MEP. Fatigue induced by submaximal contractions of the genioglossus, masseter, and temporalis muscles is also associated with declines in the mean power frequency of the EMG (Blumen et al. 2004; Maton et al. 1992; Svensson et al. 2001; Tortopidis et al. 1999) , with the percentage reduction variable but within the range that we observed here (25-30% reduction, Fig. 6 ). As discussed in our previous report (DelloRusso et al. 2002) , the mean power measured in the human nasal dilator muscles is higher than that recorded in other human muscles, including the masseter (Maton et al. 1992; Svensson et al. 2001) . This is due mostly to the fact that the fibers insert into the skin, and thus are close to the recording electrodes, and also because the interelectrode distance is short (Bilodeau et al. 1990; De la Barrera and Milner 1994) . Task failure at the end of the 20% MVC task was associated with a slight but significant reduction in the rate of action potential conduction along the facial nerve. This is probably not due to a dropping out of fast motor units because, if this were so, a decrease in MEP amplitude would have been observed, but MEP was unchanged. It is possible that sustained voluntary activation decreased the rate of neurotransmitter release secondary to intracellular depletion of calcium, which is in turn the result of calcium channel inactivation ("habituation"). Whether this occurs in skeletal muscle during voluntary, fatiguing contractions will require further investigation.
Conclusions
The endurance capacity of the nasal dilator muscles during sustained, submaximal contractions compares well to hand, pharyngeal, and other facial muscles despite several differences in anatomy and function. Endurance capacity of the nasal FIG. 8. Top: representative tracings showing the influence of supramaximal stimulation of the left facial nerve during ongoing MVC maneuvers that were sustained for 10 s. Each of 7 subjects performed 15, 10-s MVCs each separated by 10 s of rest. Facial nerve stimulation was delivered during the 5th, 10th, and 15th contractions. The increase in force evoked by stimulation was used to estimate the percentage voluntary activation, as explained in METHODS. The top 2 traces are rectified and integrated EMG recordings (iEMG) from the left and right nasal dilator muscles and the bottom trace is nasal dilator muscle force. Bottom: interpolated twitch values obtained during the 5th, 10th, and 15th contractions, expressed as a percentage of the MVC force, for each of 7 subjects. Horizontal lines depict the mean value, which remained the same even though MVC force fell by an average of 30% by the 15th MVC. See text for discussion. dilator muscles depends importantly on central mechanisms because subjects could not maximize neural drive to the muscle despite task failure. However, we emphasize that, although central fatigue must be present, we were unable to quantify its magnitude or where it originates (e.g., suprabulbar motor centers, brain stem interneurons, facial motoneurons). The persistent posttask depression of twitch force despite rapid recovery of MVC force suggests that this task also evoked low-frequency fatigue. 
